This paper presents an experimental study of the cutting force and chip formation in the end milling of the nickel-based superalloy, Hastelloy C-2000. The experiment was conducted using two different cutting inserts under wet conditions -namely physical vapor deposition coated with TiAlN, and uncoated carbide. The assessment of machining performance is based on a design of experiment. New insight into the influence of the cutting process on the cutting force and chip formation are key measures of machining performance. The effect of the machining parameters on chip formation was examined through scanning electron microscope micrographs and energy dispersive x-ray tests. The cutting forces and chip formation analysis for different sets of experiments were examined and compared in order to establish the most suitable cutting conditions, through highlighting the drawbacks and by suggesting proper measures to be undertaken during machining performance, which might overcome the barriers of machining Hastelloy C-2000.
INTRODUCTION
Nickel-based alloys (Ni-Co-Cr, Ni-Fe-Cr or Ni-Co-Fe) are very popular in the industry owing to their advantages over titanium-based alloys [1] [2] [3] . The main strengths of nickelbased alloys are heat resistance, retaining their high mechanical and chemical properties at high temperatures, and having high melting temperatures, high corrosion resistance, as well as resistance to thermal fatigue, thermal shock, creep, and erosion [4] [5] [6] . Nickelbased alloys have the ability to retain most of their strength, even after long exposure to extremely high temperatures and are the only material suitable for turbine sections of jet engines. Nickel-based super alloys have some characteristics that are responsible for their poor machinability [6, 7] . They have an austenitic matrix, and as with stainless steels, they work harden rapidly during machining. Moreover, localization of shear in the chip produces abrasive saw-toothed edges, which make swarf handling difficult. These alloys also have a tendency to weld with the tool material at the high temperatures generated during machining. The tendencies to form a built up edge and the presence of hard abrasive carbides in their microstructure are also problems associated with machinability. As machining is a finishing process with specified dimensions, tolerances and surface finish, the type of surface that a machining operation generates and its characteristics are of great importance in manufacturing [8] [9] [10] [11] [12] . Properly optimizing the machining factors by consideration of the machinability criteria, such as low cutting forces, surface finish, tool life, power consumption, and dimensional accuracy, production rates and excellent output can be obtained with conventional machining methods, if the unique characteristics of this metal are taken into account [13] [14] [15] [16] [17] [18] . According to Fang and Wu [19] , when the cutting conditions are the same, the cutting force and the thrust force in machining Inconel 718 are higher compared with those in the machining of Ti-6Al-4V. Because of the property of hardening possessed by nickel-based alloy, machining becomes difficult as soon as the milling cutter is used and consequently, the metal is not cut but pushed, because the cutting edge is not very sharp and ultimately, the cutting force and temperature increase [20] . Traditionally, the softening of the workpiece material increases with cutting speed while reducing cutting forces to the minimum [21, 22] . Chip formation refers to the formation of chips in the primary and secondary deformation zones. The cutting forces and contact processes at the tool-chip interface are among the basic points of consideration in the kinematic relationship. Attention was primarily focused on the kinematic relationships, cutting force and contact process at the tool-tip interface; however, later on, the chip-breaking problem became increasingly important with increasing cutting speeds and the development of new materials that are difficult to machine [23, 24] . The modern sense of this term implies that the chip, which just left the tool-chip interface, has yet to be broken [25, 26] . Carbide cutting tools are amongst the oldest of the hard cutting tools. The use of coated and uncoated tungsten carbide (WC) cutting tools is seen to offer control over the residual stress, because the coated WC cutting tool enhances the residual field on the machined workpiece, reducing the cutting temperature when machining nickel-based alloy [27] [28] [29] . However, it was still observed that uncoated tools reach higher maximum process temperatures than coated tools [27, 30] . When using coated carbide tools, it was found that lower maximum tool temperature, surface stresses, and smoother chip formation could be observed for steel workpieces, which could be effective in white layer formation, residual stresses, and thickness of the work-hardened zone. Ezugwu et al. [31] reported that multi-layer physical vapor deposition (PVD)-coated carbide tools gave better tool life performance than single-layer PVD-coated carbide tools, as well as multi-layer chemical vapor deposition (CVD)-coated tools, during the turning of IN-718, mostly because they have higher hardness, toughness, abrasion resistance, and good heat transmission behavior. Jindal et al. [32] stated that at both speeds, TiAlN-and TiCN-coated tools performed significantly better than tools with TiN coatings. TiAIN performed well compared with CrN because it is harder and more able to resist oxidation. The aims of this paper are to investigate the cutting force and chip formation of the end milling operation when machining Hastelloy C-2000 using uncoated carbide and coated carbide inserts.
METHODS AND MATERIALS

Experiment Details
Design of experiment (DOE) is used to reduce the number of experiments and time. The study uses the Box-Behnken design because it has fewer design points and is less expensive to run than central composite designs with the same number of factors. Three levels of cutting parameters were selected to investigate the machinability of this alloy. These included the feed rate range for the Hastelloy C-2000 workpiece: 0.1, 0.15, and 0.2 mm/tooth, different depths of cut: 0.4, 0.7, and 1.0 mm, and various cutting speeds: 15, 23, and 31 m/min. The selected inputs were chosen based on suggestions from the suppliers of the Hastelloy C-2000 workpiece. Various input parameters used in the experiments is listed in Table 1 . The chemical and physical properties of the workpiece material Hastelloy C-2000 are given in Tables 2 and 3 , respectively. The relatively high proportions of chromium (23%) and molybdenum (16%) of the workpiece mean that the material is hard to machine. The nickel content of approximately 50% makes the alloy suitable for hightemperature applications. The dimensions of the test specimen used in the experiments were 46 × 120 × 20 mm. The test block was annealed and has Rockwell B 90 hardness. The experimental study was carried out in wet cutting conditions on a CNC milling machine by slotting machining, equipped with a maximum spindle speed of 4000 rpm, feed rate of 5.1 m/min, and a 5.6-kW drive motor. The cutting tool inserts used to cut the material were uncoated carbide (CTP 1235) and coated carbide (CTW 4615). CTW 4615 is a coated carbide grade with a PVD TiAlN coating with grade designation P35 M50. Titanium-aluminum nitride (TiA1N) is very effective in cutting stainless steels and aerospace alloys. The advantages of hard material layers include the reduction of friction, heat, oxidation, and diffusion. CTP 1235 is an uncoated carbide with grade designation K15. The chemical composition of the workpiece is shown in Table 2 . The physical properties of the workpiece are presented in Table 3 . The following are the details of the tool geometry of the inserts when mounted on the tool holder: (a) special shape; (b) axial rake angle: 19.5°; radial angle: 5°; and (d) sharp cutting edge. The composition of cutting tool inserts is presented in Table 4 . Figure 1 shows the experimental setup and shape of the uncoated carbide inserts: (a) workpiece at CNC milling machine, (b) CNC milling machine, shape of cutting insert, (d) SEM view of uncoated carbide before machining. A Kistler force dynamometer, model 1679A5, was used to record the cutting force during the experimental milling operations. After conducting the first pass (one pass is equal to 120 mm length) of the 15 cutting experiments, the workpiece was removed from the clamp and chips collected. The sample then underwent the grinding and polishing process before the surface integrity of the workpiece was examined by scanning electron microscope (SEM). SEM with energy dispersive x-ray (EDX) was used to examine the chip formation that resulted from the combination of the machining parameters and to investigate the chemical elements in the chips and machined workpiece. Water-soluble coolant was used for the experiments. Two nozzles were opened fully to directly flush the cutting tool and produce wet cutting. Balance 23 Figure 3 shows the shape of the chips and the surface texture at a feed rate of 0.2 mm/tooth, an axial depth of 0.7 mm, and a cutting speed of 31 m/min for coated carbide inserts. This type of chip exhibits much waving and depending on the waviness, chip formation can be organized into two groups: unstable chips and critical chips. Unstable chips point towards adiabatic shear occurring in the worked material. The chatter acts as a cause of uneven surface roughness and the completed surface will comprise alternate unburnished (dull) and burnished (shiny) areas. This mechanism of chip formation differs significantly from that of stable cutting. Chip formation pertains to the formation of the chip in the primary and secondary deformation zones. Primarily, attention was focused towards the kinematic relationships, the cutting force, and the contact process at the tooltip interface. The dilemma of chip breaking became tremendously significant with increasing cutting speeds and the establishment of novel materials that are difficult to machine [34] . The chip formation relies upon the outcome of the workpiece and cutting tool materials, feed rate, cutting speed, and the cutting tool geometry [35] . The contemporary meaning of this expression implies that the chip that has immediately left the tool-chip interface is said to be broken [26] . The chips produced during machining rely upon the materials being machined, the tools, and the cutting condition. The mechanism of chip formation and separation is related to the extreme strain rate that occurs during the machining process. In the case of cutting of Hastelloy C-2000, owing to its lower thermal conductivity characteristics, temperature can be very high locally in some areas of the workpiece, resulting in thermal softening, which reduces the material strain hardening capacity and therefore, shear instability occurs in a narrow band of chips. When chattering is developed fully, the cutting edge is no longer moving in the way that it does in stable cutting, but instead it vibrates while it is rotating. This is illustrated in Figure 4 , in which the chip was generated by uncoated carbide at a cutting machining feed rate of 0.2 mm/tooth, a depth of cut of 0.7 mm, and a cutting speed of 31 m/min. The structure of the critical chip is dissimilar to the unstable chips because of the chatter marks. Owing to the lower thermal conductivity features of Hastelloy C-2000, there can be a rise in temperature locally in a few areas of the workpiece, which might result in thermal softening that decreases the material strain hardening capability. Thus, shear unsteadiness occurs in a narrow band of chips. No harsh plastic deformation can be seen in the area of adjacent cracks produced between the constituents of the chip. It was determined that a work material that cracks at a very low cutting speed would not crack at a higher cutting speed, compared with the chip formation at a low cutting speed. The crack increases without any obvious deformation of the workpiece's free surface at a low cutting speed. A compressive stress ahead of the cutting edge was the reason for the formation of the cracks at the free surface, creating the brittleness of the workpiece). The cracks produced during the formation of chips cannot be entirely repaired by plastic deformation [36] [37] [38] . Therefore, their tips can be perceived at high magnification. The crack mechanism commences through gross periodic fractures taking place from the workpiece's free surface to the cutting tool tip, whereas the fracture initiates at the workpiece surface and extends down the tool tip until the compressive stress established from the tool tip has the propensity to prevent the crack [39] . Figure 5 shows the saw-toothed edge chip. The deformation of the chip is normally known to be inconsistent and deformation is very high in a narrow band between the segments. Abrasive saw-toothed edges are generated from the localization of shear in the chip. The chip is a constant type at low speed cutting and when the speed is enhanced, it changes into a saw-tooth type. This demonstrates that the higher the cutting speed, the more the saw-tooth chips are visible. The mechanism engaged in the creation of sawtooth chips is very intricate and is attributed to adiabatic shear on the shear plane and cycle cracks at the free surface of the chip [40] . There is no regular principle to forecast the onset of saw-tooth chip formation. The creation of saw-tooth chips is attributable to adiabatic shearing and surface crack propagation [5, 41] . Additionally, the catastrophic strain localization and fracture or crack generation contribute to saw-tooth creation [38, 42] . Crack Saw-tooth edge chip the sides of the slot slow the flow of the chip and the cutting temperature rises because the heat produced cannot be dissipated with the chips. Simultaneously, the cutting force increases rapidly. Each and every chip is welded on the sides of the slot, there is no chip disposal and the cutting force is over 620.77 N. Regarding the earlier discussions, it is established that the cutting temperature and chip disposal are very significant, concurrent factors that affect the slot milling of Hastelloy C-2000, because the cutting temperature is associated with the cutting speed. The cutting temperature will be less than the softening point of gamma prime (γ) when the speed is low. High cutting speed is disadvantageous because it produces harsh strain hardening of the work material. The work material is softened during cutting at high speed, but the cutting temperature will also be too high for the cutting tool to survive. Owing to these circumstances, the welding of chips on the work surface becomes grave and it is highly undesirable. Figure 6 . The adhesion mechanism with uncoated carbide insert As shown in Figure 7 , only a small amount of chips flows out of the cutting zone during machining with coated carbide (CTW 4615) at machining parameters of: feed rate 0.15 mm/tooth, axial depth 1.0 mm, and cutting speed 31 m/min. Most of the chips are pushed to the sides of the slot, and become stacked piece-wise. The chips welded on both sides of the slot retard chip flow and the cutting temperature will increase because the heat generated cannot be dissipated with the chips. At this moment, the cutting force will increase rapidly. All chips are welded onto the sides of the slot and there is no chip disposal. Cutting force is over 620.77 N. According to previous discussions, it is concluded that cutting temperature and chip disposal are two very important and ) stated that cutting temperature is related to cutting speed. When speed is too low, cutting temperature will be lower than the softening point of γ. The higher the cutting speed, the more severe the strain hardening of the work material and this is detrimental to cutting. When cutting speed is too high, the work material is softened but the cutting temperature will be too high for the cutting tool to withstand. Under these conditions, the welding of the chips on the work surface becomes very serious, which is highly undesirable. 
RESULTS AND DISCUSSION
Chip Formation
Optimization of the Cutting Force
The main goal of the current work is to minimize the cutting force through an appropriate combination of variables, and by applying the optimization approach using the statistical analysis, it is possible to achieve this aim. Desirability functions would be used to convert each response and the weight would be able to define the desirability function shape for each of the responses. By using any weight from 0.1 to 10 for each of the responses, the target can be emphasized or de-emphasized. For example, a weight:
 less than one (minimum is 0.1) places less emphasis on the target  equal to one places equal importance on the target and the bounds  greater than one (maximum is 10) places more emphasis on the target.
The optimum value for cutting force is that which corresponds to the design variables based on Table 5 . The validation test was performed based on the design variables and the percentage of error was calculated. The outcome that was achieved from the validation test gave a precise target for the optimization of the cutting force.
Welded chip 
CONCLUSIONS
Based on the performance and test results of the various sets of experiments performed for analyzing the influence of cutting parameters on the machinability characteristics of Hastelloy C-2000, it can be concluded that cutting force is affected primarily by feed rate, followed by axial depth and cutting speed. As the cutting speed increases, the cutting force decreases. These influences on the cutting parameters are the result of the development of a response surface model for cutting force. There are two kinds of chips found as part of this study: Type I, the unstable chip, and type II, the critical chip. Chip formation is influenced by the cutting speed and because cutting temperature is related to cutting speed, the proper selection of cutting speed is essential.
